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opportunity to lead the way in smart grid system introduction and development as a European 48 test system. This has been recognised already by the European Union, and a large smart grid 49 project has been allocated for Ireland under the Innovation and Networks Executive Agency 50 as a project of common interest to lower wind curtailment, enhance grid control and establish 51 a cross-border demand side management protocol [6] . 52 53 Since liberalization, demand response involves the participation of loads in the commercial 54 and industrial sectors [7] . However, residential demand response, which makes up a large 55 proportion of electricity consumption, has not yet been developed in new liberalised markets. 56
It is expected that within the context of a smart grid, consumers will actively participate due 57 to the increased availability of pricing and usage data via smart meter interfaces [8] . The fast 58 growing development in communication technologies is providing the opportunity needed for 59 the consumer to play an important role in the smart grid. Therefore, it should more correctly 60 be called demand side participation, as the consumer has choice in this liberalised 61 environment. Many governments have smart meter targets. The United Kingdom (UK) has a 62 target of installing smart meters in every home by 2020 [9] . Similarly, the Republic of Ireland 63 is piloting a national trial of smart meters which commenced in 2009, with 6,500 consumers 64 using different smart meter technologies [10] . 65 66 fridge-freezers within permissible temperature settings of the thermostat. The smart algorithm 68 uses a price control strategy to quantify and value the benefits of demand side participation in 69 the SEM in order to optimise wind power integration. The smart control algorithm is 70 developed in MATLAB © and datasets from the SEM are used to model the test system. 71
When there is high wind penetration on the system, such as in December 2014 when the 72 average wind penetration was 27.1% [2] , the day ahead wholesale electricity price fluctuated 73 the most reaching values up to 500 €/MWh [11] . This study shows that demand side 74 participation can play an important role by reducing the fridge-freezer demand during high 75 electricity prices including those caused by inaccuracies in wind forecast and the variability 76 of wind power. 77
78
The paper is divided into six sections. The future smart grid and demand response 79 measurements are introduced in Section 1. In Section 2, a review of smart load in the context 80 of smart grid is outlined. Section 3 explains the methodology developed to perform the 81 research, describing the model of a single refrigeration unit followed by the aggregate model, 82 the price control strategy implemented is then explained and the ancillary services in the 83 SEM. Section 4 presents the results and analysis of the implementation of the control strategy 84 on the Irish system demand, current ancillary services in the SEM are analysed to evaluate 85 the ancillary service payments when demand side participation provides this service, and the 86 concept of ramping capability is explored as a new ancillary service needed in high wind 87 penetration systems. Sections 5 and 6 present the discussion and conclusions. 88 89 2. Smart load in the context of smart grids 90
Today's grids are facing many challenges [1] associated with increased renewable power 91 penetration (e.g. system balance, ramping and curtailment). Demand side participation is a 92 scheme that can help to tackle these challenges and provide significant economic and 93 environmental benefits. InterTradeIreland is a regional trade and business development agency which gives support to 108 small businesses, with the aim of building networks and partnerships between Northern 109
Ireland and the Republic of Ireland. Its study [16] mentions that small electrical appliances 110 account for a maximum of 20% of the total Irish electrical market and this is currently a 111 growing market. A forecast study has been carried out to assess the predicted consumption by 112 schedulable-interruptible loads in Northern Ireland between 2012 and 2025 [14] . The study 113 showed that the energy consumption of cold appliances is anticipated to be approximately 114 10% of total domestic consumption by 2025, considering the low total demand forecast case 115 projected by the System Operator for Northern Ireland (SONI) [5] . 116 117 Electric heating has previously been studied and proposed as a candidate for demand side 118 participation. Fitzgerald et al.
[17] showed the power system benefits from implementing 119 direct load control in electric water heating in Ireland. Domestic appliances such as fridge-120 freezers, chest-freezers and refrigerators are potential candidates because there is at least one 121 of these appliances in every household and they possess thermal storage capabilities. Most 122 researchers to date have focused on refrigerator loads [18-20] and domestic freezers [21] , 123 analysing the potential load-shifting effect and time of use tariffs to reduce power peaks. 124 Short et al. [22] presented a study to provide frequency response to the power system using 125 refrigerators. Specifically for fridge-freezers, many studies have focused on different 126 operating factors such as the effect of ambient temperature, door opening and thermostat 127 opening position [23], the use of different types of refrigerants [24] or the effect of different 128 types in components of the refrigeration cycle [25] . The potential response from relevant 129 responsive loads such as refrigeration and space heating has been analysed in a statistical 130
In this research a fridge-freezer with only one compressor is modelled because it is the most 136 widely sold domestic appliance in the UK [26] and in countries with similar climates to 137
Ireland. The thermodynamic cycle in the cooling circuit is a vapour compression cycle [27] . 138
In this appliance the circulation of the refrigerant is driven by a compressor, which requires a 139 motor and thus electrical energy. 140 where T room , mean is the mean temperature during the day. T room , mean is assumed to be 16°C 178 during winter and 22°C during summer. In both cases the maximum temperature during the 179 day occurs in the afternoon and a variation of 4°C in the room is assumed. Typically a fridge-180 freezer is located in a household kitchen, which is generally a heated and relatively confined 181 space. 182
183
The power consumption of the compressor is modelled according to (4) [21] , which includes 184 a starting transient. It is assumed that households with one occupant have a small fridge-freezer, households with 256 two or three people have a medium size fridge-freezer and that households with four or more 257 people will have a large size fridge-freezer. The technical specifications of a fridge-freezer 258 are summarized in Table 1 , together with the overall heat transfer coefficient (R eq ). The 259 overall heat transfer coefficient for the freezer compartment is given by the manufacturer and 260 for the fridge compartment is obtained by running the model for one unit with the data 261 provided by the manufacturer, allowing for a 5% error in the energy consumption. 
Price control strategy 288
A price control strategy is proposed in this study. The control algorithm is designed to 289 simulate a standard fridge-freezer thermostat, which maintains the freezer temperature 290 between -23°C and -19°C and the fridge temperature around 5°C. At chosen periods the 291 thermostat upper and lower temperature limits are varied according to the Ex Ante 1 (EA) 292 system marginal price (SMP). The EA SMP is issued by the Single Electricity Market 293
Operator in Ireland (SEMO) daily and it is calculated one day ahead using forecast data for 294 the trading day [11] . Demand side participation in this study is designed to increase 295 consumption during overcooling periods in order to reduce consumption during peak periods 296 while maintaining food safety. Food safety is considered throughout the model, the 297 restrictions of T freezer < −18°C and 3°C < T fridge < 7°C are applied in the freezer and fridge 298 compartments respectively. The temperature rise time is highly dependent on the amount of 299 food present in the freezer. This is primarily due to the significant heat transfer resistance is 300 in the food inside the compartment. Therefore the average temperature in each compartment 301 of the fridge-freezer (combined air and water) has been modelled using the temperature rise 302 time data provided by the device manufacturer, allowing for a 5% error in the energy 303 consumption (kWh/annum). 304 305
The length of the peak price period depends on the shape of the peak and its maximum is 306 considered as 1.5 hours to avoid any possible mechanical damage for running the compressor 307 more than necessary. Fig. 5a and b show the SMP on a typical winter/summer day. The 308 threshold value chosen is 75% of the maximum EA SMP price. The algorithm of the control 309 strategy analyses the shape of the peak, the peak price period starts one hour before the EA 310 SMP peak if this EA SMP is greater than the threshold and the EA SMP after the peak. The 311 peak period is the period between the symbols 'o' in Fig. 5 . In first evaluations prior to this 312 study an overcooling period of 1.5 hours has been found that produces the desired effect of 313 modifying system demand while not giving rise to significant disturbances caused by the 314 devices returning to the standard limits. The end of the overcooling period is defined as 15 315 minutes before the peak period starts. The overcooling period is the period between the 316 symbols 'x' in Fig. 5 . However, when the EA SMP remains flat during the day, i.e. the EA 317 SMP peak is less than 130% of the median of the EA SMP during the day, the overcooling 318 period occurs at the same time as the price valley period. The overcooling period starts 30 319 minutes before the minimum EA SMP occurs: see Fig. 5b . During the overcooling period the thermostat temperature limits are modified to maintain a 330 freezer temperature between -25°C and -23°C, while to prevent freezing the fridge 331 temperature is maintained above 3°C. During the peak period the limits are modified to 332 maintain the freezer temperature between -18.5°C and -18°C and the fridge temperature 333 under 7°C. The lower bound of -18.5°C has been introduced with the aim of controlling and 334 reducing the consumption of the fridge-freezer during the peak period. Load shift could 335
introduce an undesired effect such as creating an unexpected peak. By maintaining a small 336 bound in the thermostat, the compressor would be running for a very short, time keeping the 337 consumption flat and avoiding peaks during the peak period. The aim of this control strategy 338 is to avoid electricity consumption at high SMP periods. margin is under study. Ramping margin tries to manage the uncertainty and variability in a 388 system with high levels of wind penetration. Ramping margin is defined as an increase or 389 decrease in MW demand that can be delivered with a good degree of certainty by a thermal 390 generator or demand side participation during a time horizon and sustained for a period. 391
Demand side participation could play an important role when the ramping capability of the 392 thermal generation is not adequate. It is necessary to evaluate the ramping capability needed 393 to accommodate wind generation, as the ideal situation is that the demand is balanced by the 394 wind generation to avoid using expensive power plants. 395 396
Results and analysis 397

Selection of the time period for analysis 398
The model is run for one typical week in winter and one typical week in summer to evaluate 399 the effect of the proposed control strategy on the Irish system demand. These periods have 400 been identified, after the analysis of the SMP during the whole year, because they contain 401 contrasting patterns of more extreme variations in price, system demand and wind generation. week the peak system demand is very clear, occurring around 17:30, thus the maximum EA 417 SMP and EP SMP occur around this time. However, during the summer week the peak 418 system demand is not as obvious as during winter. For this reason the maximum EA SMP 419 and EP SMP may occur at different times and possibly not coincide with peak system 420 demand. An EA SMP price value of more than 500 €/MWh is observed in Fig. 8a . Such an 421 increase in price could be caused by inaccuracies in wind forecast error and wind variability, 422 leading to a reduced EP SMP price at the time of peak demand. In 2020 the system demand is assumed to be 10% greater than the equivalent day in 2013. 433
According to EirGrid the demand is forecast to grow 2% each year [5] after the recovery of 434 the economy in 2015. For this study SMP prices are assumed to remain the same. Fridge-435 freezers are assumed to be A++, i.e. moderately efficient, and have the size range estimated 436 from [33] . 437 438
Application of the price control strategy 439
Two different modes of control have been studied for the winter week: 440  Non-staggered. All the devices are given the same overcooling and peak period 441 starting times in which to operate the control strategy. All the devices are in different 442 stages of the cooling cycle when the overcooling and peak periods are initiated. and EP SMP respectively. For the non-staggered control mode the fridge-freezer operating 461 EP cost is decreased by 8.9% compared to the fridge-freezer operating EP cost using no 462 control strategy, as shown in Table 2 . However, it was expected to decrease the operating 463 cost by 11.8%, based on EA SMP. The percentages have been calculated using the EP cost 464 for unmodified demand as a reference value. As shown in Fig. 8a the maximum EP SMP 465 does not always occur at the same time as EA SMP. For the staggered control mode the 466 fridge-freezer operating EP cost is decreased by 7.6% compared to the expected reduction of 467 12.5%. The aim of this control strategy is to avoid high SMP periods, defined in this study as 468 peak periods. During the peak period for the non-staggered control mode the EP cost is 469 decreased by 76.4% and for the staggered control mode the EP cost is decreased by 80.6%, 470 because the load is shifted to other parts of the day. It is worth noting that load shifting in this manner resulted in an increase of 1% of the energy consumed during the whole week in the 472 non-staggered and staggered control modes. 473 474 High SMP periods might not occur at the same time as the peak system demand. The non-477 staggered control mode creates a second peak, as shown in Fig. 9 , when the devices revert to 478 the standard thermostat settings. For the non-staggered control mode the maximum system 479 demand in the peak period is decreased on some days but increased on others. The increase is 480 undesirable; the demand can be modified by -53 MW to +5 MW. However, the staggered 481 mode results in a more consistent peak reduction between -54 MW to -40 MW. 482
483
The analysis in detail of the first day of the winter week presented in Fig. 9b shows that the 484 power peak that occurs during the overcooling period in the staggered control mode is 40 how during the peak period the consumption is reduced by 55 MW and 50 MW in the non-487 staggered and staggered modes respectively. The effect of staggering the devices offers a 488 smoother fluctuation in the demand compared to the non-staggered control mode, a reduction 489 of 30 MW. 490 491 Two different modes of control have been studied for the summer week: 494  Control mode 'a'. All the devices are given the same overcooling and peak period 495 starting times in which to operate the control strategy. All the devices are in different 496 stages of the cooling cycle when the overcooling and peak periods are initiated. 497 498 499 500  Control mode 'b'. During the overcooling period the temperature limits of the 501 thermostat remain as the standard temperature limits (-23°C to -19°C). All the devices 502 are given the same peak period starting time in which to operate the control strategy. 503
This control mode has been suggested because the variation of the SMP might not be 504 significant during summer, meaning that overcooling the device during the 505 overcooling period may not be appropriate. 506 507 Fig. 10a shows the effect of the non-staggered control mode 'a' and 'b' on the system 508 demand. Fig. 10b shows the demand difference due to the application of each control mode. For the non-staggered control mode 'a' the fridge-freezer operating EP cost is decreased by 518 0.6% as shown in Table 2 . However, it was expected to decrease by 10%. As shown in Fig.  519 8b, the patterns of EP SMP and EA SMP may differ significantly. For control mode 'b' the 520 fridge-freezer operating EP cost is decreased by 0.8%. For the staggered control mode 'a' the 521 EP cost is decreased by 0.4%. During the peak period for the non-staggered control mode 'a' 522 the EP cost is decreased by 46%, while for control mode 'b' the EP cost is decreased by 523 20.7%. For the staggered control mode the EP cost is decreased by 65.5%. The load is shifted 524 from the peak period to other parts of the day, incurring an increase of 0.3% in the energy 525 consumed during the whole week in the case of control mode 'a' and in the case of control 526 mode 'b' in a reduction of 0.5% of the energy consumed. The latter is a result of the device 527 not being overcooled when not appropriate according to the control strategy definition, hence 528 the average temperature in the fridge-freezer is greater compared to the standard working 529 condition, leading to reduced consumption. 530
531
The non-staggered control mode creates a second peak, as shown in Fig. 10 , when the devices 532 revert to the standard thermostat settings. For the non-staggered control mode the maximum 533 system demand in the peak period is decreased on some days and increased on others. The 534 demand can be modified by -23 MW to +57.1 MW. The staggered mode results in a peak modification between -31 MW to +54.1 MW. The increase in the peak of 57.1 MW occurs 536 on the fifth day of the week because on that day the maximum EA SMP occurs much earlier 537 than the EP SMP price, which occurs at the same time as the peak system demand and which 538 coincides with the peak system demand as shown in Fig. 8b . Thus the implementation of the 539 price signal control strategy could mean undesirable peaks during the summer, which would 540 only be desirable if these occur at the same time as a wind generation peak. 541
542
The analysis in detail of the first day of the summer week presented in Fig. 10b shows that 543 the power peak that occurs during the overcooling period in the non-staggered control mode 544 'a' is 135 MW greater than in the control mode 'b', as shown in Table 3 . The staggered and 545 non-staggered control mode 'a' comparison offers a reduction of 44 MW during the 546 overcooling period. Fig. 10b Fig. 9 and Fig. 10 show that a price signal control strategy could modify the Irish system 577 demand. The ramping rate in wind generation data shows that the highest ramping rates occur 578 during December, which had a monthly average wind penetration of 28.4%, compared to 579 July, which had a monthly average wind penetration of 6.6%. This study focuses on 580 analysing the ramping capability during the winter week as the wind penetration is greater. 581
For the non-staggered control mode the increase of the temperature limits of the thermostat 582 during the peak period in the first day of the week results in a reduction of the 15-minute 583 ramping capacity from 213 MW to 159 MW due to the system demand peak reduction. For 584 the staggered control mode the 15-minute ramping capacity is reduced from 134 MW to 102 polluting and expensive to run. The temperature limits of the thermostat can also be reduced, 587 allowing more wind on the system that might otherwise be curtailed. The results clearly show 588 that the aggregation of fridge-freezers in Ireland has useful ramping potential. 589 590
Discussion 591
The potential to modify the system demand by applying a price control strategy using the 592 energy storage of a fridge-freezer and its impact on cost savings have been quantified for the 593 SEM power system in Ireland. During the winter week peak demand modifications of -54 594 MW to +5 MW are achieved. A peak demand reduction of at least 40 MW is achieved when 595 using a staggered control mode, assuring a peak reduction of at least 68% of the average 596 winter refrigeration load. During the summer week demand modifications of -31 MW to 597 +57.1 MW are achieved. Here it is more difficult to predict the modification, as the peak of 598 the EA SMP may not occur at the same time as the peak demand. Overall refrigeration 599 running costs could be reduced on average by 8.2% during a typical winter week and by 0.6% 600 during a typical summer week. The study also shows an increase in appliance energy 601 consumption of 1% during the winter week, an increase of 0.3% during the summer week 602 using control mode 'a' and a reduction of 0.5% of the energy consumed using control mode 603 'b' during the summer week, as the latter mode does not overcool the appliance during the 604 valley periods. 605
606
The current residential tariffs offered by electricity retailers are a barrier for residential 607 customers to provide demand side participation. Maximum benefit from demand side 608 participation will come from dynamic tariffs, because if the price varies over only a small 609 range, the savings for consumers may not be sufficient to encourage demand side 610 participation schemes. During the winter week EA SMP and EP SMP follow the same 611 distribution, thus the day ahead market provides a reasonable solution. However, during the 612 summer the prices are flatter and EA SMP may differ substantially from EP SMP, thus there 613 are some days when it might be better not to apply the control strategy because there is 614 insufficient reward. This is largely due to the fact that the SMP peak is greater in the winter 615 than in the summer. In the winter week peak shavings are more predictable as the EP SMP 616 peak occurs very close to the EA SMP peak. However, in the summer peak demand can be 617 increased by +50 MW which is clearly only desirable if peak demand occurs at the same time 618 as a generation surplus, such as an increase in wind generation. 619 620
The reward that each consumer receives as payment for providing the ancillary services 621 TOR1 and STAR is calculated as 1.90 €/year. Clearly this reward seems insignificant, and 622 some modification to the reward mechanism will be required if individual consumers are to 623 be encouraged to play an important role as an aggregate consumer. It is anticipated that to 624 attract significant buy-in, a payment of at least 25 €/year would be required, meaning that the 625 current ancillary TOR1 and STAR payment rates would have to be 11 times the current rates. 626
The dramatic increase is not expected in the near future, thus day ahead pricing could be the 627 next step. The utility regulator in Ireland is currently working on a public consultation on 628 demand side participation for the SEM applying day ahead price for industrial and 629 commercial sectors only [10] . Hence TOR1 and STAR may be not be suitable for individual 630 fridge-freezers to provide ancillary services, and perhaps some other mechanism entirely is 631 required. 632
633
The clearest benefit of a demand side participation is that winter peak demand can be 634 reduced, especially with the staggered control mode. Application of the demand side 635 participation scheme would reduce the required generation capacity. The result shows that 636 less ramping capacity is required in 15-minute intervals during the winter week if the control 637 strategy is implemented. Demand side participation has the additional benefit, compared to 638 extra generation, of avoided network reinforcement. It is important that consumers offering 639 demand side participation should benefit from a related capacity payment. 640
641
This study has shown that aggregated domestic fridge-freezer demand is small compared to 642 the total system demand, therefore the effect is likely to be small. However, this effect could 643 be beneficial under certain circumstances, such as reducing the winter peak demand or 644 reducing wind curtailment. It is proposed that future work will examine the opportunity for 645 domestic fridge-freezer demand side participation in the SEM focusing on Northern Ireland 646 using a unit commitment model to analyse wind curtailment and ramping, effects of grid 647 constraints and ancillary services. 648 649
Conclusions
